Introduction
The water splitting reaction is an interesting option to store electricity generated by renewable primary energy. It is important from both the economical and environmental points of view. One of the most pursued processes in the case of solar energy conversion there is currently a way to combine electricity generation and hydrolysis in a single system. 1 However, even in the case of separated systems, there is an ongoing effort to improve the characteristics of the catalyst as both electrocatalytic and photochemical processes require the use of appropriate materials in order to provide the satisfactory overall reaction rates. The optimum system for the combined processes has not yet been identified, with the Holy Grail being the catalyst that does not require the over-potential for the reaction to occur, is cheap to obtain and stable under the reaction conditions. There is a rich experimental [2] [3] [4] [5] [6] and computational 7, 8 literature on the use of oxidic compounds active as photovoltaic compounds such as TiO 2 , Ga 2 O 3 or Fe 2 O 3 . For high activity such systems are usually promoted with metal oxide particles active in oxygen or hydrogen evolution. A breakthrough in the development of non-noble metal systems for H 2 O decomposition was the discovery of the high activity Co phosphate systems by Nocera et al. 9 This work has inspired several groups to undertake intensified research in the areas of artificial photosynthesis and solar fuels making use of the abundant species. The activity of different phases of the Co oxide catalysts has been explored computationally by Nørskov et al. 10, 11 The authors identified the most active phase in the oxygen reduction reaction, that is the b-CoOOH phase, with the value of the over-potential between 0.48 and 0.80 V depending on the surface. There are many literature reports on the Co 4 O 4 cubane unit being active in the water splitting mechanism. The Photosystem II analogue reported by McCool et al. 12 is one example of this system coming from the homogeneous catalysis domain. There are also several reports on the cubane unit playing the major role in the water splitting process in heterogeneous catalysis. Du et al. 13 elucidated the domain structure of the cobalt oxide water splitting catalyst by means of X-ray pair distribution function analysis. Kanan et al. 14 determined the structure and valency of a cobalt-phosphate water oxidation catalyst by means of in situ X-ray spectroscopy and demonstrated that cubane structures are likely the active sites in the reaction. This work has been further reviewed by Rosen et al. 15 who performed the comparative analysis of the Mg-substituted cubane active sites, and proved that doping of the alkaline metals substantially decreased the activity with respect to oxygen evolution. Importantly, the group of Nørskov 10, 11 indicate that the over-potential in the b-CoOOH system could be reduced by means of doping of single Ni atoms, which is consistent with the experimental work of Trotochaud et al. 16 This leads to the question whether there is a synergy between the supporting oxide and the promoting compound. When applied in photo-electrochemical (PEC) systems, the presence of a mixed phase may assist electron-hole separation. 17 A related effect has been suggested for enhanced PEC efficiency of promoted systems that combine photo-excitation with water decomposition.
areas. The original paper of Fujishima and Honda 19 focused on the TiO 2 photocatalyst the one that initiated the research of semiconductor supported particles. The DFT modelling of the small gold nanoparticles on the (101) surface of the anatase has been investigated by the group of Selloni. 20 A similar system containing Pt has been investigated theoretically by Han et al.
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Although these reports cover only the metallic particles, we need to remember that in the OER reaction these small clusters would be present in the oxide form. Other oxides such as the co-catalysts have also been investigated. Kudo et al. 22 used NiO x to improve the catalytic activity. Further details can be found in one of the review papers, for instance, Kudo and Miseki. 23 The literature on the Co-oxide supported on TiO 2 is limited. The cobalt phosphate ''CoPi'' oxygen evolution catalyst deposited on titania has been investigated experimentally by Khnayzer et al. 24 The cubane structure has been suggested here as well based on XAFS and semiempirical calculations. Interestingly, the overpotential has been determined experimentally to give a value as low as 0.37 V at low pH. The present study focuses on the electrocatalytic water decomposition on supported active oxide particle system. We will address the question whether synergistic effects may be expected using a computational approach that considers explicitly the role of water.
Model and computational details
For the computational study we have selected a model system consisting of the TiO 2 (100) anatase surface as the support for the Co 4 O 4 cluster. The particular TiO 2 surface has been chosen due to its stability 25, 26 and its ability to strongly interact with the Co oxide cluster. We have used 4 atomic layers of anatase TiO 2 that is equivalent to 2 unit cell thickness. The Co 4 O 4 cluster was embedded at the valley of the (100) surface with the Co atom connected to the TiO 2 anatase surface via oxygen bridges. The lone oxygen atom on Co oxide is pointing upwards. The periodic boundary conditions were imposed in such a way that along the x and y directions the size of the box matched the anatase unit cell size, and the z direction contained a vacuum slab of 13 Å thickness. The water environment has been taken subsequently into account by means of the explicit location of water molecules in the vacuum slab. 64 water molecules have been placed in the system. The geometry has been subsequently equilibrated at 300 K temperature using 1 ps MD run. All calculations have been done using Quantum Espresso ver. 5.0.2. The optimization runs have been carried out using the PWSCF code making use of the PBE functional and 70 Ry cutoff of the plane-wave basis set. For the calculation of the over-potential the Hubbard U parameter was used for Co with a value of 3.3 eV according to the work of Wang et al. 27 The CarParrinello MD simulations have been carried out using the CPV code with the same functional and cutoff for consistency. The timestep used in simulations was 5 a.u., the electron mass was set to 150 a.u. Each simulation lasted for 80 000 steps that are equivalent to approximately 10 ps. The temperature was kept at 300 K by means of the Nosé-Hoover thermostat. 28, 29 For the needs of the present work it was sufficient to generate one MD trajectory for each electrochemical step. It needs to be pointed out that the factor responsible for the stability of the system is the change in the oxidation state in each particular electrochemical step, which has the reflection in the proton arrangement in the system. The protonation or deprotonation of the particular species occurs via the Grotthuss mechanism, 30 and it is fast compared to the simulation time, what has been confirmed by the as-obtained results. In essence, there are only two types of sites that are available for the processthe top Co atom of the cluster and the surface Ti sites, as the Co atoms located at the base of the cluster are fully coordinated and they cannot bind to other species. There are obviously more surface Ti sites available than the one obtained in the simulation and for which our simulations were carried out. There is a possibility that the change in the oxidation states of each Ti site has a slightly different effect and the location of the hydroxyl species on different Ti sites has a reflection in change in the total energy of the system, but as we stated the proton transfer processes between surface hydroxyls are dynamic and occur during the whole MD run, meaning the energy differences between these different states were below the kT under the assumed simulation conditions. Thus we conclude that differences in stability of the surface Ti-OH species can be neglected.
The procedure used in this work is the same as provided in ref. [34] [35] [36] where the reader is referred for details. In general, it is assumed that the reactions occurring at the anode (oxidation) and the cathode (reduction) can be treated as independent processes, and the transfer of the protons and electrons from the anode half-cell to the cathode half-cell is simultaneous. The protons and electrons recombine at the cathode and are in thermodynamic equilibrium with the H 2 molecules formed therein. Thus, the transfer of the proton and the electron can be directly related to the 1/2H 2 molecule.
The potential of the water splitting reaction is 1.23 V per proton-electron pair transfer. The overall reaction involves 4 such steps, as there are 4 proton-electron pairs needed to form an O 2 molecule. The free energies for each of the reaction steps are calculated using the expression:
where DG is the free energy of formation of the particular species, U is the potential and a H + is the activity of the protons. The analogous equations can be formulated for each of the reaction steps. In total the OER requires 4.92 V of the energy input and the over-potential needed to overcome the thermodynamic limitations resulting from the interaction of the intermediate species with the catalyst surface. The theoretical over-potential does not depend on the pH or the potential values, because the free energies obtained by using the above equations vary in the same way as pH and U, thereby the potential determining step remains the same. Results and discussion Effect of solvation Fig. 1 depicts the structure of the Co 4 O 4 cluster in the system when the anatase surface is exposed to the vacuum (a) and the water phase (b) respectively. Interestingly, the Co 4 O 4 cluster changes its geometry as soon as it comes in contact with water molecules. The water molecule splits into a proton that binds to the lone oxygen atom present at the top of the Co oxide cluster, and a hydroxyl group that binds to the Ti site at the TiO 2 surface. Three other water molecules split in the similar way, the protons coordinate to the oxygen bridges between Co atoms, and the hydroxyl groups bind to the Ti sites at the surface. All these processes take place with water playing a role of the carrier for the OH À and H + species, and so far these were only acid/base reactions, not redox ones.
In addition, two other water molecules coordinate (without splitting) to the top Co atom which changes its coordination number from 4 (tetrahedric) to 6 (octahedric). The remaining Ti sites at the surface coordinate the water molecules as well in a similar fashion. This suggests that there is a slight potential difference on the cluster and on the surface, which might indicate the electron transfer between the two.
This behaviour is different from the one observed previously by Selloni, where only the (001) surface is capable of dissociative water adsorption. 31 In the system investigated in the present work, the dissociation of water is initiated at the cobalt oxide cluster, which -due to the charge imbalance -is able to generate stronger acidic sites, and hydroxyls can bind to the TiO 2 surface. cluster within the bandgap the additional DOS band of Co 4 O 4 appears in the range between À2 and 0 eV. This suggests that when electron holes are generated in the TiO 2 valence band by photon excitation such holes will become stabilized on the Co oxide cluster.
Water dissociation
The simulations of the redox reactions have been done for the anode half reaction of water splitting (the cathode reactions are not covered by this work):
The H 2 O decomposition reaction is done according to the procedure presented in ref. [34] [35] [36] . The overall reaction is split into 4 particular electrochemical steps. The protons and the electrons are carried out of the half-cell to the cathode, where they form the hydrogen molecules. Each of the steps has been simulated by the removal of a hydrogen atom from the system leading to the following partial reactions representing each step of the simulation:
The removal of the proton in a particular reaction step has always been done in such a way that no particular surface water Fig. 1 Geometries of the Co oxide clusters in the gas phase (a) and the water phase (b). Oxygen, titanium, cobalt and hydrogen atoms are shown in red, pink, turquoise and white respectively. Fig. 1a . DOS of the solvated system is shown in red. The corresponding structure is shown in Fig. 1b .
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or hydroxyl species has been affected. The proton was always taken from the bulk water molecule, so another proton from the surface or from the Co oxide cluster could take its place. The system was then allowed to relax to reach the most stable state with respect to the surface hydroxyl configuration. In this way the system always stabilized at the most thermodynamically favoured state and arbitrary selection of the reaction pathway has been avoided. This approach however raises an issue related to the dynamic nature of the system. The protonation/deprotonation equilibrium between different oxygen sites does not allow the system to settle quickly in one particular state, and during the whole MD run different configurations are observed. The system needs a few picoseconds of time to finally reach the equilibrium with the most stable configuration. This dynamical behaviour is illustrated by Fig. 3 .
In reaction (2) the most stable configuration is when the hydroxyl group is formed on the anatase Ti site in addition to the other hydroxyl groups on the surface formed at the solvating stage. The second stage (3) leads to the deprotonation of a water molecule to form the hydroxyl group on the top Co atom. As one hydroxyl group is already bound to this centre, the second hydroxyl group is formed next to it from the coordinated water molecule. This configuration remains relatively stable in the first part of the run, but after approximately 2 ps the water molecule is formed at the Co 4 O 4 site as a result of the proton transfer from the surface OH species. This creates a lone oxygen atom at the Ti site of the TiO 2 surface, which is a state resembling the product of reaction (4). This state, however, is only short living because the formal oxidation state of Ti is still unchanged and the electron transfer needed for the electrochemical step has not occurred yet.
Formation of the OOH intermediate (reaction (5)) can occur by the recombination of an OH group with an O atom adsorbed onto the TiO 2 surface. As in the system there are two different OH types of the OH species, the recombination can occur in one of the two ways -either by the transfer of the OH group from the Co 4 O 4 cluster, or from the TiO 2 surface, however in both cases the OOH intermediate is adsorbed onto the TiO 2 site. As the implemented protocol involves the removal of the proton and the electron from the system, from the water solvent, the system is allowed to stabilize in the lowest energy configuration. This step, however, cannot be treated with the same approach, because it is not an electrochemical step, and due to the activation barrier it does not occur spontaneously. Thus, the recombination of the OH and O species has been done ''manually'' -we have constructed the system, where the OH species has been transferred from the Co 4 O 4 species. This resulted in the formation of the under-coordinated Co site that during the MD run has been filled with water, and remained in this configuration until the end of the run. If the OH species involved in this recombination was taken from the TiO 2 surface, a similar under-coordinated species would have been formed and filled with water from the solvent phase. The difference between these two options is then the presence of the OH species on the Co or Ti sites. Along with our approach of the assumed rapid equilibration of the location of protons in the system, the most stable configuration should be observed as the result of the proton transfer. We have indeed observed that the water molecule coordinated to the Co 4 O 4 site, filling the vacancy after OH species, has been transferred to form the OOH species.
Further evidence to justify this was provided by the NEB transition state search in the isolated system, without the solvent included. The activation barrier calculated for the recombination of the OH species from the Co 4 O 4 cluster amounts to 0.87 eV, while for a similar reaction of the TiO 2 surface OH group, the activation energy is higher and amounts to 1.05 eV.
This implies that there is a difference in the relationship between the OH and OOH chemical bonding strength in a mono-functional and the system investigated in this work. This effect is responsible for the relatively low over-potential value obtained, and fully consistent with the doping effect described theoretically and experimentally. 10, 11, 16 The final step is the formation of the oxygen molecule by the removal of the hydrogen atom from the peroxide speciesreaction (6). This is again the electrochemical step and involves the removal of H + and e À .
The complete set of reaction intermediates, including all steps, is shown in Fig. 4 .
Over-potential
The energetics of this reaction is really challenging to calculate in the explicit solvent approach. Due to the many hydrogen bonds present in the system and dynamic equilibrium of the surface hydroxyl species, the potential energy fluctuates significantly along the run. The energy values of relevance are of the order of tenths of eV or even less and the accuracy of the CPMD simulations is not able to calculate the energy with this accuracy. Instead we have decided to follow the gas phase approach for the calculation of the over-potential, which is similar to that described in ref. 10 . At the end of each MD simulation we have determined the most stable configuration of the system and from this system we have removed all water molecules. This in essence gives us back the systems prior to the introduction of water molecules, but with the surface of the anatase that is appropriately hydroxylated and the Co 4 O 4 cluster protonated. For these geometries we have calculated the electronic energy and performed the vibrational analysis to calculate the ZPE of all surface hydroxyl species and top layer anatase atoms. Prior to that, the systems representing each step of the electrochemical half reactions have been relaxed to reach the forces smaller than 0.001 eV Å À1 . The energetic diagram of the whole process is shown in Fig. 5 .
The rate limiting step is the first electrochemical step of the process -reaction (3) -where the first hydroxyl is formed out of the water molecule at the surface Ti site. The estimated overpotential amounts to 0.32 eV. This value is lower than the one obtained by the group of Nørskov (0.48 V) for the b-CoOOH phase, 10, 11 and is another indication of the cooperative effect between the sites. It is also consistent with the finding of Trotochaud et al. 16 on the effect of doping of pure surfaces.
Interestingly, this value is very close to experimental observations of Khnayzer et al. 24 for the cobalt phosphate cluster supported on titania, where at low pH the over-potential has been determined to be 0.37 V.
Conclusions
The main density of states of the hydroxylated Co 4 O 4 cluster is located within the energy gap between the valence and conduction bands of the anatase surface (100) studied. This allows it to be a catalytically active component of the water decomposition reaction of the photocatalytic system. The unoccupied d-atomic orbital LDOS of Co states can accept an electron from the TiO 2 conduction band. Alternatively, a hole in the TiO 2 valence band will recombine with the electron from the occupied Co d-valence band. The sites on the Co cluster and the TiO 2 surface have a cooperative interaction in the electrocatalytic H 2 O decomposition reaction, the Co 4 O 4 cluster initially becomes protonated and the hydroxyl groups will bind to the TiO 2 surface. To explicitly include the solvent molecules is essential for this step -water molecules assist in the redistribution of the protons and hydroxyls between the TiO 2 support and the Co 4 O 4 cluster. 
